In this paper, further research is carried out to investigate the resistance encountered by an icebreaking vessel travelling through level ice and channel ice at low speed range. The present paper focuses on experimental and calculated ice resistances by some empirical formulas in both level ice and channel ice. In order to achieve the research, extra model tests have been done in an ice basin. Based on the measurements from model test, it is found that there exists a relationship between ice resistance, minimum ice load, maximum ice load and the standard deviation of ice load for head on operation in level ice. In addition, both level ice resistance and channel ice resistance are calculated and compared with model test results.
Introduction
Due to the increased hydrocarbon exploration and exploitation in ice-covered waters, ship transports and operations under ice impact are becoming more and more concerned. It is important to estimate ice loads acting on ice-going vessels under design conditions. For icebreaking vessels, there exist a large number of engineering tools for ice-class ship performance evaluation at the design stage. Lindqvist (1989) developed a formula to calculate ice resistance based on many full scale tests in the Bay of Bothnia. By modifying the formulations of Lindqvist (1989) , Riska et al. (1997) proposed a level ice resistance formula with some empirical parameters. Keinonen et al. (1996) did research on resistance of icebreaking vessels in level ice and developed a formula based on results of a study of escort operations involving five icebreaking vessels. Moreover, Jeong et al. (2010) proposed new ice resistance prediction formula for standard icebreaker model using component method of ice resistance and also predicted the model test results to full-scale using calculated non-dimensional coefficients.
How to validate these tools based on model scale data remains an issue. Hu and Zhou (2015) compared model test data and numerical results calculated with several popular empirical and analytical formulas. They found that the empirical methods could predict ice resistance at different accuracy, but none of them could give a good estimation for all cases. In order to further study ice resistance, more model tests have been performed using the same ship model. The model test results with respect to ice resistance in both level ice and channel ice are presented in this paper. The relationships between mean, maximum, minimum and standard deviation regarding ice resistance are found and highlighted based on the model test results. In addition, the ice resistances in both level ice and channel ice are calculated are compared with model test data.
Model test description
The icebreaking tanker MT Uikku is a double-hull icebreaking motor tanker that is owned by Neste Shipping and Kvaerner Masa-Yard's joint venture company, Nemarc. It is shown in Fig. 1 . The ship model of MT Uikku was deployed in the model tests with a scaling factor of 1:31.56 (as shown in Fig. 2) . The model ice was generated from ethanol (0.3%) doped water solution. The ambient temperature was lowered to approximately À10 C. The carriage moved continuously from one end to the other of the basin in the spraying process where water-mist was emitted by nozzles. The freezing process continued until the target thickness of the ice was achieved. Then the ambient temperature was increased to around À2 C and this process continued until the target strength (flexural strength) of the ice was achieved.
The ship model was trimmed to even keel without heel angle, so that the centre of buoyancy and the centre of gravity were in the same longitudinal and transverse location. The ship model was towed straightly through ice fields in all tests. The particulars of the full scale vessel are given in Table 1 .
Test matrix with ice type, ice drifting speed and measured ice properties are presented in Table 2 . It should be noted that tests with ice sheet I and II (shown in Zhou et al., 2013) are also included here in order to have more measured data. Two extra ice sheets were made in the ice basin, where level ice and channel ice tests were carried out. Level ice tests means that the ship model was towed straightly in the intact ice sheet. After the ship model travelled through the ice field, a channel would form behind the ship model. The ship model would experience ice resistance from ice floes in the open channel, which is ice channel resistance. In total, three ice drifting speeds were set, namely 0.2, 0.5 and 1.0 m/s. When broken ice slides along the hull, there will be a friction force which is a function of relative speed between ice and hull. It is also proportional to the weight of ice in the water. The ratio of the friction force to the weight of ice is defined as ice-hull friction coefficient. The ice-hull friction coefficient was measured to be 0.04. The measured water density r w is 989 kg/m 3 while ice density r i is 906 kg/m 3 .
Model test results and analysis
Ice resistance is defined as average value of all longitudinal forces invoked by ice acting on the structures in time domain. An example of a time history of measured longitudinal ice force is shown in Fig. 3 , where the dot dash line denotes the mean ice force or ice resistance, the dot line denotes the minimum ice force and the dash line denotes the maximum ice force.
The dynamic fluctuations of ice force are mainly caused by ice breaking and ice submersion processes. When a structure transit in ice, its hull will break and displaces broken ice wedge. Crushing happens between hull and ice immediately after the ice sheet contacts the hull. The crushing force will keep growing as the contact area increases until its vertical component is large enough to cause a bending failure of ice. After the new ice floes are formed from the intact ice sheet, the advance of ship forces them to turn on edge until parallel with the hull. Then, the floes will become submerged and slide along the hull until they lose contact with the hull and clear away. During those processes, the ice force will fluctuate significantly.
Ice resistance
The results of all measurements with respect to the mean, standard deviation, maximum and minimum ice forces are given in Table 3 . In Table 3 , the ratios of difference between maximum/ minimum and mean force to the standard deviation of ice force are also included. It is interesting to find that the ratios are relatively concentrated from 2.8 to 3.6 for upper bound and 2.5 to 3.2 for low bound. Then the ratios could be written as
Where Fmax is the maximum ice force, Fmea is the mean ice force or ice resistance, Fmin is the minimum ice force, Std(F) is the standard deviation of ice force. Then least squares method is used to obtain the coefficient Kmax and Kmin based on the measured data given in Table 3 . It is found that Kmax Compared to the measured resistances in level ice, the measured channel ice resistances are relatively small. This is as expected since the ship model needs more energy to break intact ice sheet and submerge the ice floes newly formed from ice wedge. The maximum channel ice resistance at the lowest ice drifting speed account 50% of maximum level ice resistance in case 8 and 14 as shown in Table 3 . As the speed increases, the channel ice resistance tends to decrease due to shortened interaction time between incoming ice floes and the ship.
Level ice resistance
Level ice resistance could be taken as the summation of the force occurred during ice breaking process at the initial ice-hull interaction and the force due to submersion and sliding of broken ice from intact ice sheet. It is difficult to measure the global ice breaking force directly since the integration of ice submersion is inevitable. However, the breaking component can be determined by means of a test in pre-sawn ice indirectly. The intact ice sheet is cut into pieces in a similar pattern as observed in the level ice test. Then ice submersion force could be measured and subtracted from the total ice resistance to get the ice breaking force at the same ice drifting speed.
Unfortunately, the pre-sawn test was not included in the present model tests. Herein, one good reference highly related to the present research is introduced to study the ratio of ice breaking component to the total ice resistance. Heinonen (2014) Table 4 .
The submersion ice resistance is defined as the resistance in pre-sawn ice. According to ITTC (2002) , the submersion resistance coefficient C v is written as
where r i is the ice density,g is the gravity acceleration, B is the ship breadth, h is the ice thickness.
The calculated coefficients are shown in Fig. 6 . The coefficients range from 1.5 to 3.2, which are slightly lower than the range 2e4 suggested by ITTC. 
Empirical and analytical formulas

Level ice resistance formula
There are many empirical and analytical formulas available to estimate level ice resistance. Some of them are presented as follows.
a) Lindqvist formula
The Lindqvist formula was developed from research done on full scale tests in the Bay of Bothnia (Lindqvist, 1989) . It is a rather simple way of estimating the ice resistance. In this model, the resistance is divided into crushing, bendinginduced breaking and submergence. The formula gives resistance as a function of main dimensions, hull form, ice thickness, ice friction and strength. The formula is expressed as:
where R ice , R c and R b and R s are total andice resistance, crushing resistance, bending resistance and resistance due to submersion;s b and h i are respectively ice strength in bending and ice thickness; m, f, a and j are respectively the friction coefficient, stem angle, waterline entrance angle and flare angle; g is the gravity acceleration; r w and r i are water and ice density; E, and y are Young's modulus and Poisson ratio of sea ice respectively. B, T, and L are ship's breadth, draught and waterline length; V is ship speed.
b) Keinonen formulas
Based on results of a study of escort operations involving five icebreaking vessels, Keinonen et al. (1996) did research on resistance of icebreaking vessels in level ice. In order to investigate low-velocity ice resistance, specific formulas were derived from full scale trials of icebreaker performance in ice at 1 m/s speeds. These prediction formulas include parametric influences for different vessel dimensions, hull forms, hull surface conditions, ice strengths and ambient temperatures. The speed-dependent resistance formula is written as:
where R is total ice resistance in MN; C s is water salinity coefficient (0 fresh, 1 saline); C h is hull condition coefficient (1 inertia, 1.33 bare steel); B, T and L are ship beam at waterline, draft and waterline length in meter;j and4 are average flare angle and buttock angle in degree; t is air temperature; s f is flexural strength; H is ice thickness; C f is the correction factor considering the effect of vessel speeds with reference speed V 1 ¼ 1 m/s. c) Riska formulas Riska et al. (1997) proposed a level ice resistance formula by modifying the formulations of Lindqvist (1989) . The formulation is based on a set of empirical coefficients, derived from full-scale tests of a number of ships in ice conditions in the Baltic Sea. The main resistance formula is given in Eq. (5), while constants are found in Table 5 . Table 5 Constants in Riska formulation for ice resistance in level ice.
Symbol
Value Unit 
where V, B, T and L are vessel speed, breadth, draught and length, h i is ice thickness, f is the stem angle in degrees and L bow and L par are the length of bow and parallel sides section, respectively.
d) Jeong formulas
Jeong et al. (2010) proposed new ice resistance prediction formula for standard icebreaker model using component method of ice resistance and also predicted the model test results to full-scale using calculated non-dimensional coefficients. The formulas are presented as follow:
where R I total ice resistance; C B , C C and C BR are coefficient of ice buoyancy resistance, coefficient of ice clearing resistance and coefficient of ice breaking resistance; F h and S N are Froude number and strength number; a is index of Froude number; b is index of Strength number; r i and r w are ice and water density; Dr is water density minus ice density; g is gravitational constant; h i is ice thickness; B and T are beam and draft of the ship; V is ship speed; s f is the flexural strength of ice. The constants used are shown in Table 6 .
Channel ice resistance formulas
When coming to the design point, the rule channel resistance for different ice classes should be taken into account.
According to Juva and Riska (2002) , the rule resistance equation is expressed in the following form:
C m ¼ 0:15 cos f 2 þ sin j sin a; min 0:45
where the term ½LT=B 2 3 is taken as 20 if it is above 20 and 5 if it is below 5; all other coefficients are shown in Table 7 .
Comparisons
Level ice
Ice resistances by empirical and analytical formulas (Eqs. (5)e(7)) are calculated and compared with model test results.
The calculated results and model test measurements are shown in Table 8 , where the error between measured data and analytical data is also included. The corresponding results are plotted in Fig. 7 for comparison.
From Table 8 , it shows that the Lindqvist formulas underpredicts ice resistances for most cases except cases 11 and 12. The average numerical error is À13% for all cases. Riska formulas give the largest predictions among all formulas, which overestimate the ice resistance up to 50% in average. Joeng formulas estimate ice resistance very well with the difference of 7%. Konenien formulas overestimate the ice resistance by 37% in average.
It should be noted that all formulas used in the present paper overestimate the ice resistance significantly for case 11. It is not hard to explain the difference. In case 11, ice is thin and towing speed is low, which may lead to elastic buckling rather than bending failure for the ship model. The resulting ice load is smaller than that occurred during bending process.
Channel ice
Ice channel resistances calculated with Eq. (7) are shown in Table 9 , where the experimental data are also included. From Table 9 , it is found that the rule channel ice resistance formula overestimates the resistance and is on the conservative side as expected. It should be noted that the channel ice resistance formula does not take the effect of ice drifting speed into account, but the effect of ice drifting speed may be significant according to the model test. In the model test, all ice channels were newly formed with different ice concentrations. For case 10, the ice concentration is very high, above 90% in average. For other channels, it is around 40%. If the case 10 is not considered due to very high concentration, the resistance decreases as the speed increases when comparing cases 8 and 9 or cases 14,15 and 16. This is mainly attributed to shortened time of ice-hull interaction and strong weak at high drifting speed.
Conclusions
This paper aims to study level and channel ice resistance exposed to an icebreaker in both numerical and experimental ways. Extra model tests have been carried to get more experimental data. There exists a clear relationship between ice resistance, standard deviation, maximum force and minimum force from the measurements. The maximum ice force is around 3.26 times standard deviation higher than mean ice force while the minimum ice force is around 2.76 times standard deviation lower than the mean ice force. The measured submersion resistance coefficient as a factor of Froude number is slightly lower than that recommended by ITTC. Some empirical and analytical formulas are used to calculate both level ice and channel ice resistance. The calculated results are compared against model test results. Empirical methods mentioned in the present paper predict ice resistance at different accuracy, but Jeong formula gives the best predictions in general. The ice channel resistance are also calculated and compared with experimental results. It shows that the rule ice channel resistance formula is relatively conservative. The measured channel ice resistance is also speeddependent. This effect is suggested to be included in the ice channel resistance formula as well. 
